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Abstract 
In Endurance Time (ET) method gradually intensifying acceleration functions are created in a manner that the linear 
and nonlinear response spectra of them, while being proportional to average of real earthquakes spectra, intensifies in 
a uniform manner with time. These functions are used as input functions for nonlinear time history analysis of 
structures and performance of structures is assessed based on the maximum time duration that they can meet the 
specified performance objectives. In this paper, application of the ET method in nonlinear seismic analysis of 
structures has been investigated. Numerical procedures and optimization techniques that are used for the production 
of acceleration functions are described. A set of three acceleration functions have been applied to various steel 
moment frames and the results of analysis are compared to the results of IDA analyses. ET results of different frames 
approved that this method can be a good instrument to estimate IDA results with reasonably good accuracy using a 
few number of time history analyses. It is proved that this method can be used in nonlinear analysis of structures as a 
powerful tool but more research in this area is required before ET method can be recommended for practical 
applications. 
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1. Introduction 
Performance-based earthquake engineering evaluations have become a major means for assessing the 
performance of structures and developing new and improved design methodologies. With the emergence 
of the performance- based approach to design, there is a need to develop corresponding analysis tools. 
Nonlinear pushover and incremental dynamic analysis (IDA) procedures are some of the most significant 
types of these new tools. Development of these new methods and criteria should be mainly contributed to 
the amazing improvements in computational tools that have made possible the solution of sophisticated 
nonlinear models and it can be predicted that time-history based analysis procedures will become more 
and more popular in the near future among both the researchers and practicing engineers. 
The Endurance Time (ET) method is a time-history based analysis and design procedure that has 
recently been introduced (Estekanchi et al. 2004). In this paper, the application of ET in nonlinear seismic 
analysis of structures has been explained. The basics of the ET procedure are briefly reviewed and its 
potential applications are discussed. The results of analysis of some 2D steel moment frames have been 
presented and compared to the results of IDA analyses. It has been shown that even though the ET 
method is a time-history based analysis, its concept and application are quite intuitive and straightforward 
and this method has the capability to predict demand and capacity of the structures in regions ranging 
from elasticity to global dynamic instability and its results are compatible with the results of IDA 
analyses. Some of the major problems of ET method are discussed and some techniques to remove them 
are presented.  
2. Basic Concepts of ET Method 
In the ET method, structures are subjected to a pre-designed intensifying acceleration function and 
their performance is judged based on the time interval during which they can meet predefined 
performance criteria (Estekanchi et al. 2006). The ET concept is somewhat analogous to the exercise test 
used by cardiologists in assessing the cardiovascular system condition of athletes or heart patients. ET 
method can be implemented into an overall performance-based design procedure with multiple 
performance objectives quantitatively described as various parameters under different intensity of ground 
motions. 
A major issue in successful implementation of the ET method is the problem of generating appropriate 
intensifying acceleration functions. The procedure of generating proper acceleration functions is still in 
progress (Riahi and Estekanchi 2006). The latest procedure is described here because it will be used in 
following sections again. In this scheme, the response spectrum of an ET acceleration function is to 
intensify linearly with time in such a way that the response spectrum of ET acceleration function at t= 
tTarget would be compatible with a predefined target response spectrum and at any other time (t=t0) the 
response spectrum of ET acceleration function would be compatible with the target response spectrum 
multiplied by t0 / tTarget. There are different analytical approaches to find an acceleration function that 
satisfies the target response (here acceleration and displacement spectra). In previous studies, the problem 
was formulated as an unconstrained optimization problem in the time domain, as follows: 
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where ag is the ET acceleration function being sought, ),( tTSaT  and ),( tTSuT  are the target 
acceleration response and displacement response at time t respectively, ),( tTSa  and ),( tTSu  are the 
acceleration response and displacement response of acceleration function at time t respectively, D is a 
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weight parameter set to 1.0 in previous study and T is the period of free vibration. Optimization was run 
considering the 211 data points at 0.01 second time step as optimization variables. 200 different periods, 
distributed in the range of 0 to 5 seconds, were assumed in the numerical optimization described by 
Equation (1). The target time in the optimization process is assumed to be 10 seconds. Figure 1 shows one 
of the acceleration function used in this study. 
-1.5
-1
-0.5
0
0.5
1
1.5
0 2 4 6 8 10 12 14 16 18 20
Time (sec)
A
cc
el
er
at
io
n 
(g
)
 
Figure 1: ETA20f01 acceleration function. 
3. Generation of ET Acceleration Functions 
The concept of ET method has some common grounds with IDA procedure. Both methods try to 
predict demand and capacity of the structures for different levels of IM. To understand the capability of 
ET method in prediction of demand and capacity of the structures, results of this method for some 2D 
moment steel frames are compared with the results of IDA. To reach this goal 20 earthquake ground 
motions recorded on site class C, as defined by the NEHRP are selected (FEMA-356 2000). These 
records are used in ATC-55 project (FEMA-440 2005). From these ground motions, 7 records that their 
response spectra were more compatible with the response spectrum of soil type II of the Iranian National 
Building Code (INBC) standard 2800 are selected (Table 1) (BHRC-2800 2005; Riahi and Estekanchi 
2007). The characteristics of site class C of NEHRP are the same as soil type II of the INBC standard 
2800. These 7 accelerograms are scaled in such a way that the area under the pseudo acceleration 
spectrum of them equals the area under INBC standard 2800 spectrum. Finally average of pseudo 
acceleration spectrum of these scaled accelerograms is obtained and smoothed. The smoothed spectrum is 
used as the target spectrum in generating new ET acceleration functions. Three acceleration functions are 
created for this study (ETA20f01-03). The response spectra of this set of three ET acceleration functions 
at t=5, 10, 15 seconds are depicted in Figures 2 and 3. The intensifying demand and the compatibility of 
this set with the target response spectrum can be seen in the figures.  
4. Design of Frames 
In order to compare the analysis results of structures in ET and IDA procedures, 6 regular frames with 
3 and 7 stories, were designed according to INBC. The number of spans also varied as 1 and 3. The span 
length and story height of the frames are 6m and 3.2m respectively. The design spectrum of INBC 
standard 2800 used for scaling 7 ground motions was employed to design the frames. Interstory drift was 
limited to 0.005 and design ratio was based on allowable stresses permitted by INBC, which is quite 
similar to AISC-ASD requirements. All of the frames are moment resisting frames (MRF) and in these 
frames story drift turns out to be the controlling design criteria. To examine the ability of ET method for 
distinguishing weak and strong frames, each frame is designed with two different base shears. The design 
base shear of standard frames are calculated based on INBC standard 2800 and for weak frames this half 
of the mentioned base shear is used as the design base shear. Some basic properties of these frames are 
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given in Table 2. Nonlinear models of the frames are prepared by using the OPENSEES beam element 
with nonlinear distributed plasticity (OpenSees 2002). P-ǻ effects have been included in the nonlinear 
analysis. As a basic analysis an elastic perfectly plastic material model is used in nonlinear analysis. 
Damping ratio is assumed to be 0.05 of the critical value.  
Table 1: Description of 7 ground motions used in this study. 
Date
Earthquake
Name
Magnitude 
(Ms)
Station
Number
Component 
(deg)
PGA
(cm/s2)
Abbreviation 
 06/28/92    Landers   7.5 12149 0 167.8 LADSP000 
 10/17/89    Loma Prieta   7.1 58065 0 494.5 LPSTG000 
 10/17/89    Loma Prieta   7.1 47006 67 349.1 LPGIL067 
 10/17/89    Loma Prieta   7.1 58135 360 433.1 LPLOB000 
 10/17/89    Loma Prieta   7.1 1652 270 239.4 LPAND270 
 04/24/84    Morgan Hill   6.1 57383 90 280.4 MHG06090 
 01/17/94    Northridge   6.8 24278 360 504.2 NRORR360 
 
Figure 2: Total acceleration spectra of ETA20f series acceleration functions at different time. 
 
Figure 3: Displacement spectra of ETA20f series acceleration functions at different time. 
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Table 2: Frames basic properties. 
Property FM03B1RGS FM03B1RGW FM03B3RGS FM03B3RGW FM07B1RGS FM07B1RGW
Number of stories 3 3 3 3 7 7 
Number of spans 1 1 3 3 1 1 
Mass        
participation (Mode1) 
82.1% 84.6% 85.7% 88.6% 80.6% 81.2% 
Period of Mode 1 
(sec) 
0.85 1.14 0.89 1.25 1.43 2.03 
Design base shear 
(ton) 
14.8 7.4 36.2 18.1 20.5 10.25 
5. ET Method Vs. IDA 
The concept of ET method has some common grounds with IDA procedure (Vamvatsikos and Cornell 
2002, 2005). Both methods try to predict demand and capacity of the structures for different levels of 
Intensity Measure (IM). As an alternative ET method tries to estimate the mean IDA curve for a set of 
ground motion. Therefore it is more suitable to employ this method in building codes to evaluate the 
performance of the structures in nonlinear range because contrary to IDA this method is not computer-
intensive and it can be more accurate than nonlinear static procedures.  
In this study, maximum interstory drift ratio is selected as Engineering Demand Parameter (EDP) and 
total acceleration of first mode of structure with 5% damping is selected as IM. For each frame, IDA is 
done for 7 ground motions. ET analysis is done for each frame with acceleration functions ETA20f01-03. 
To obtain EDP vs. IM curve by ET analysis, an ET analysis for a SDOF system with period of vibration 
equals to the first mode of the structure should be done. By calculating the maximum values of EDP and 
IM through time, similar curve to the IDA curves can be obtained. The comparison of the results for one 
frame is depicted in figure 4. The general trend of ET curve is similar to the IDA curve but the onset of 
dynamic instability and the value of EDP (here maximum interstory drift ratio) are different. The 
extraordinary variability from record to record of the forms and amplitudes of the IDA curves for a single 
building is reported before and this phenomenon can be found in ET curves too but the variability is less 
in ET curves (Vamvatsikos and Cornell 2005). In frames FM03B1RGW and FM07B1RGS the general 
trend of 3 acceleration functions are similar but in frame FM03B3RGS, ETA20f01 acceleration function 
does not predict the dynamic instability like other acceleration functions. Because ET acceleration 
functions are created based on the average response spectrum of the ground motions, response of different 
frames due to them are usually comparable and they can not predict the disparate responses like 
MHG06090 record. Another important phenomenon in ET analysis is the dynamic instability that may be 
occurred during analysis due to P-ǻ effects or strength deterioration. For example frame FM03B1RGW 
experiences dynamic instability for ETA20f01, ETA20f02 and ETA20f03 at t=19.12, 19.71 and 18.81 
seconds respectively. To overcome this problem the results of all of the acceleration functions for this 
frame are assumed to be valid till 18.81 seconds. By applying this assumption, results of 3 acceleration 
functions can be averaged.  
Sometimes the IM of an acceleration function through its duration is not large enough to force the 
structure encounter all of the stages of nonlinearity till dynamic instability (FM07B1RGS and 
FM03B1RGS). In these conditions an amplification factor is used. Because ET acceleration functions are 
compatible with an increasing target response spectrum through their duration, any amplification or 
reduction factor can be applied to them easily.  
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Figure 4: IDA curves for 7 ground motions and similar ET curves (FM03B1RGW). 
An important issue in comparison of ET and IDA method is the procedure of averaging the results. 
The simplest way to obtain an average IDA curve involves simply calculating values of the EDP at each 
level of IM and then finding the average and standard deviation of EDP given the IM level. This works 
well up to the point where the first IDA curve reaches capacity, when EDP becomes infinite, and so does 
the mean IDA curve. Instead of calculating means at each level, sample medians can be calculated which 
become infinite only when collapse occurs in 50% of the records. In this study the median IDA curve is 
calculated and compared with the results of ET curves. For ET curves another procedure is adopted. Time 
has an especial meaning in ET method. Because IM has an increasing trend in an acceleration function, it 
can be said that time is a representing of IM. Therefore the results of different acceleration functions can 
be averaged through time in ET method. Although that the same procedure is used in generation of 
acceleration functions, the increasing trend of IM due to them are not exactly the same and averaging the 
results at a specific time is not the same as averaging the results at a correspondent level of IM but the 
assumption of using time instead of IM is not illogical. To get a smoother curve for ET method averaging 
is done with a one second length window that is denominated ET moving average in the figures. Results 
of FM03B1RGS frame is depicted in figure 5. IDA median curve and ET average are in good agreement 
with each other. One of the reasons of this compatibility is that until the maximum level of IM depicted in 
this figure just two ground motions reached their capacity and the estimation of dynamic instability by 
these methods were similar.  
In figure 6 results of frames FM07B1RGS and FM07B1RGW are presented for comparison. As it can 
be seen both methods are capable in distinguishing weak and strong frames. Both methods predict same 
results in linear parts and are similar together when the structures experience yielding and nonlinear 
inelastic but the major difference of these methods is in the stage that structures undergo dynamic 
instability. This variability also leads to the need for statistical treatment of IDA and ET output in order to 
summarize the results and in order to use them effectively in a predictive mode, as for example in a PBEE 
context. 
The number of ET acceleration functions that should be considered in order to achieve a certain 
amount of accuracy is also a matter of concern. In this study, results of 3 acceleration functions are 
compared with 7 ground motions and the results are admissible but the best number for acceleration 
functions should be investigated in futures studies. 
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Figure 5: IDA median curve and ET average and moving average curves (FM03B1RGS). 
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Figure 6: IDA median curves and ET moving average curves. 
6. Conclusions 
The results of analysis of some 2D steel moment frames with ET method are presented in this paper and 
compared with the results of IDA analysis. Results have led to the following conclusions: 
x ET analysis results of different frames approved that this method can be a good instrument to 
estimate IDA results with reasonably good accuracy using a few number of time history analyses 
thus this method has a good potential to use in practical engineering calculations. 
x Using the average of three ET acceleration functions is suitable in order to obtain acceptable results. 
The results should be checked for other sets of acceleration functions in future studies.  
x The variability of ET results is considerably less than real earthquakes used in IDA analysis 
especially in the onset of dynamic instability.   
x The method of averaging ET results through time is acceptable but different methods of averaging 
should be investigated in future studies to get the best results. 
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x The major difference of ET and IDA methods is in the stage that structures undergo dynamic 
instability.  
This study is done just for some simple frames. Comprehensive studies should be done for different 
frames with different properties like stiffness and strength degradation to examine the capability of ET 
method to assess the performance of structures. 
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